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Abstract 
Several indoor insulation systems based on ecological materials as cellulose, perlite, wooden softboard and reed 
board with loam, were tested for their susceptibility against fungi under natural- and laboratory conditions. Fungal 
growth was evaluated by cultivation- and molecular methods. The materials showed a different bio-susceptibility: 
whereas insulations made of wood and reed with loam had high cell counts, perlite did not show any fungal growth. 
Therefore, from the microbiological point of view, plaster and board made of perlite are most suitable for thermal 
insulation. Furthermore, for future applications we suggest a DNA-extraction protocol for microbial ecology studies 
of construction materials. 
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1. Introduction 
The signs of the ongoing climate change on our planet are clearly visible and the need for changes of 
human behaviour and -living are urgently necessary. In Northern European regions and the colder climate 
zones, thermal insulation of newly built houses is more and more becoming self-evident to reduce the 
necessary amount of energy for heating of those buildings. Exterior insulation systems are frequently 
applied on modern, newly built houses and styrofoam is the most common exterior insulation material on 
the market. However, a very high percentage of our living houses are historical buildings and are under 
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preservation order. These buildings are now also included in country specific regulations and ordinances 
to enhance the “energy efficiency”. Since an exterior insulation is incompatible with monument 
protection, alternative insulation techniques have to be applied. Various different indoor insulation 
systems are on the market and in the past years historical, organic and ecological insulation materials, 
such as cellulose, loam, weed or wood, have been exploited from construction companies. 
The risk of these ecological materials is a possible contamination through microorganisms (bacteria 
and fungi). Microbial growth on building materials is a problem that has been known for a long time, but 
in the recent years it has drawn more attention. Floods, wet years, thermal modernization of residential 
buildings, air-conditioning systems, construction or material faults, poor and improper ventilation are the 
major reasons for an increase of the relative air humidity and dampness of surfaces [1]. These climatic 
conditions foster microbial growth in our living environment, on building materials and increase the risks 
for fungi contaminations [2, 3 and 4]. The properties and the common occurrence of bacteria and fungi 
contribute to the fact that these microorganisms represent the most frequent cause of biodeterioration of 
building materials [5]. Biodegradation of buildings is caused by physical processes and also chemical 
processes through bio-corrosion. Furthermore, a worldwide phenomenon called sick building syndrome – 
SBS – [6] has been confirmed as a recognizable disease by the World Health Organization [7]. The sick 
building syndrome is a complex combination of nonspecific ailments associated with an individual’s 
working place or residence that has become contaminated with any number of harmful agents. The causes 
for this syndrome are manifold and microorganisms can affect human health in different ways. All these 
properties and effects of microbial growth call for the need to gain more insight into the microbial 
communities inhabiting the different construction materials. 
Nowadays, the isolation and identification of microorganisms, especially of fungi, still sticks to the use 
of traditional culture-based methods to estimate microbial contamination in buildings. These classical 
cultivation techniques allow a quantitative and qualitative assessment of the investigated environment and 
represent an important methodology in this field. Nevertheless, microbiology has dramatically changed 
over the past 20 years and developed new technologies that can be applied for studying microbial 
communities. Therefore, molecular DNA and phylogenetic techniques have provided means that allow the 
identification of organisms without the need for cultivation [8, 9, 10 and 11]. Fast and sensitive 
alternatives to classical cultivation techniques are polymerase chain reaction (PCR)-based techniques that 
offer an opportunity to analyse the full diversity of microbial communities. The first step for a successful 
and complete analysis of the inhabiting micro-biota of a certain environment is the choice of an 
appropriate nucleic-acid isolation method [12, 13 and 14].  
In this study five different indoor insulation materials based on ecological materials were tested for 
their bio-susceptibility. The selected materials were investigated for their affinity to various fungi both 
under natural conditions - after 2 years of installation in an historical building - and under laboratory 
conditions with high levels of relative humidity. Therefore, samples items from all insulation materials 
were inoculated with three commonly indoors occurring fungi and treated in a climate chamber for half a 
year. After this incubation time, small sample amounts were taken for classical cultivation- and molecular 
biological analyses. The colony forming units (CFU) of each material were determined and DNA was 
extracted and evaluated by Nano Drop measurements. The same procedure was performed with samples 
taken from a historical house, in which the same insulation materials were already installed two years 
before. 
In order to apply an appropriate extraction method to isolate DNA directly from insulation materials 
and to overcome any biases at the first crucial step of molecular analyses, we evaluated up to thirteen 
direct - in situ DNA extraction methods. 
As basis, three commercial DNA extraction kits for soils and four standard DNA extraction protocols 
were chosen. These techniques incorporate a combination of mechanical, chemical and also enzymatic 
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lysis of the cells. The extraction methods were applied to three different sample aliquots of three typically 
used building materials – common plaster, red brick and gypsum cardboard. Attention at the evaluation of 
these protocols was focused on three different parameters: 1) the quantity of the isolated DNA; 2) the 
quality of the extracted nucleic acid; and 3) the ability of the DNA to be amplified in different PCR 
reactions using one universal bacterial primer pair and three fungal primer sets. Additionally, the 
amplified PCR products were analysed by Denaturing Gradient Gel Electrophoresis (DGGE) in order to 
compare the community fingerprints obtained from the different isolation methods. According to the 
results obtained from these criteria we identified the methods that worked better and continually 
eliminated others that did not work as well in order to find a standard DNA extraction method for 
molecular analysis which should be applied for construction materials.  
2. Methodology 
2.1. Classical cultivation studies 
In this project five different indoor insulation materials – bloated perlite plaster, bloated perlite board, 
loam and reed, wooden softboard and sprayed cellulose – were evaluated. Therefore, small areas (5x5 
cm) of the test items (~ 10x10 cm in size) were inoculated with each 1 ml of 4 different spore solutions 
(105 spores/ml) from 3 commonly indoors occurring fungi - taken from the ACBR culture collection 
(http://www.acbr-database.at): Cladosporium cladosporioides (MA 1610 – further named A), Aspergillus 
niger (MA 1615 – B) and Penicillium chrysogenum (MA 1701 – C), and a mixture of all three (D). These 
samples were incubated in a climate chamber at 28°C and 90% relative humidity for a period of 6 
months. Afterwards, the surface area (to a depth of ~ 0.5 cm) was removed for cultivation and molecular 
analysis.  
Similar investigations were performed with samples of each insulation material; collected two years 
after installation of the insulation systems, from the tentative historical building and were investigated in 
the laboratory. 
On Gramm of each material was shaken in 100 ml Erlenmeyer flasks, filled with 50 ml Tween 80 for 1 
hour at room temperature in a rotary shaker (170 rpm). Hundred microliter of each solution of a dilution 
series (100-10-3) were plated on each two Malt-extract-agar (MEA) plates supplemented with 20 μl 
Streptomycin [stock: 25 mg/ml] to inhibit bacterial growth. The plates were incubated at room 
temperature and fungal growth was checked every day. Colonies on the plates were counted to finally 
calculate the colony forming units for each material.  
2.2. Molecular analyses 
In order to extract the DNA from the tested insulation material and analyse the fungal DNA in the 
samples an appropriate DNA isolation method had to be found to overcome the biases commonly 
occurring during DNA extraction from building materials. 
Therefore, up to 13 different DNA extraction methods were evaluated for three typically used building 
materials: common plaster, red brick and gypsum cardboard [15]. Each material was ground in liquid 
nitrogen using a sterile mortar and pestle, homogenized in Falcon tubes and three different samples 
amounts, 50 mg, 100 mg and 250 mg (each in triplicate) were weighed for each extraction protocol.  
After DNA extraction, the DNA yield and –purity (A260/A280 ratio) were assessed using the Nano 
Drop spectrophotometer. Therefore, from all triplicate sample amounts from all methods the DNA 
concentration and –purity was measured thrice and the mean values and standard deviations derived from 
9 measurements were calculated. Afterwards, from each triplicate of each sample amount, 20 μl of the 
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extracted DNA were pooled and the extracted DNA was visualized on 1.5 % agarose gels by 
electrophoresis. Further, the pooled DNA was used as template for PCR reactions with three different 
fungal ITS (Internal Transcribed Spacer region) primer combinations (ITS1/ITS4, ITS1/ITS2 and 
ITS3/ITS4) and for one PCR with bacterial 16S rRNA primers (341f/907r). All amplification products 
were assessed by visualization of the DNA on 2% agarose gels. Additionally, genetic fingerprinting using 
DGGE analysis was performed with fungal and bacterial PCR fragments in order to compare the 
community fingerprints obtained from the different isolation methods. According to the results obtained 
from these criteria (DNA-quantity, -quality, agarose-gel-electrophoresis, PCR- and DGGE results) the 
methods that worked better were identified and continually eliminated others that did not work as well in 
order to find a standard DNA extraction method for molecular analysis which should be applied for 
construction materials. 
Out of the results from these comparative extraction trails the most suitable DNA extraction method 
was used for the isolation of DNA of the insulation materials from the tentative building and the sample 
items from the climate chamber. Hundred milligram of each material were weighed into Lysing Matrix E 
tubes. The DNA extraction was done using the Fast DNA Spin Kit for Soil according to the 
manufacturer’s instructions (MP Biomedicals). The DNA yield and purity were assessed using the Nano 
Drop spectrophotometer. The mean values of the DNA concentrations of triplicate measurements were 
calculated, see Fig 1b. 
3. Results and Discussion 
3.1. Classical cultivation studies 
The fungal colonies growing on MEA plates derived from the test items and also from the samples 
taken from the experimental setup in the historical building were counted and the colony forming unit for 
each sample was calculated, see Fig 1a.  
After six months of incubation under optimal growing conditions, on all test items fungal colonies 
were detected. The calculated CFU values ranged from 5.0 x102 to 1.97 x106. The strongest fungal 
growth was detectable on the wooden cardboard samples with CFU values between 9.83 x105 and 1.97 
x106. On reed boards with loam, bloated perlite boards and sprayed cellulose, germination numbers of 
about 2 orders of magnitude lower were calculated. The best results, with the lowest CFU values (2.5 
x103 to 2.1 x104) were found on the bloated perlite plaster. 
From the in-situ samples of wooden softboard and reed board with loam a few fungal colonies 
germinated. The CFU values ranged from 1.5 x103 to 1.63 x104. On the other materials no fungal growth 
was observed. 
The control samples of all materials, taken before the inoculation with fungal spores showed no fungal 
growth.  
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Fig. 1. 3D diagrams showing (a) the CFU values on a logarithmic scale; (b) the DNA yields. Sample items incubated with 
Cladosporium cladosporioides (1), with Aspergillus niger (2), with Penicillium chrysogenum (3), with a mixture of spores (4), 
samples from the 1st floor (5), and the 2nd floor of the building (6); not incubated control items (7). 
3.2. Molecular analyses 
In order to find an ideal method for the extraction of DNA from building- and insulation materials an 
evaluation of 13 different isolation techniques was performed. With all DNA extraction protocols it was 
possible to isolate DNA from different sample amounts of all three building materials. However, Nano 
Drop measurement for the DNA concentration showed very divergent values. All three commercially 
available extraction kits delivered the lowest amounts of DNA for all tested materials, see Fig 2a. Similar 
results were observed for those methods that included a step where the DNA was extracted or purified 
using a filter or silica-column. The standard extraction protocols yielded the highest DNA concentrations. 
Up to 3 orders of magnitude more DNA could be isolated from the same sample amounts. These 
fluctuations can be explained by drawbacks occurring with Nano Drop measurements, when 
contaminations like protein, phenol, humic acid impurities, and other contaminants from the building 
materials or buffer residues, also strongly absorb at 260 nm, see Fig 2c. Furthermore, our data showed 
that the extracts of all standard extraction protocols that included a precipitation step using ethanol had 
very high DNA concentrations. However, they also had lowered A260/A280 ratios (1.3-1.6) revealing 
impurities that co-precipitated with the extracted nucleic acid. These findings were additionally confirmed 
by negative results obtained by electrophoresis and PCR analysis. Therefore, it is very doubtful if the 
measured DNA concentration represented the real DNA content in the solution. Interestingly, similar 
A260/A280 ratios from different methods led to different PCR amplification results, which can be 
explained by the presence of PCR inhibitors. 
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Fig. 2. Interaction plots of the mean values for measurement variables yield and purity of corresponding factor combinations are 
displayed and linked by profile lines for each method. (a) Mean values for yield of the factor combination material and method; (b) 
Mean values for yield of the factor combination sample amount and method; (c) Mean values for purity of the factor combination 
material and method. 
Concerning the material amounts tested (50, 100 and 250 mg) one could expect to gain the higher 
DNA yield from the larger sample amounts. This theory did not hold true for any of the tested methods, 
see Fig 2b. More often the smallest sample amount (50 mg) yielded the highest DNA concentration. This 
can be explained by the ratio of the used sample amount versus the added buffer volume used for the 
extraction of the DNA. Small extraction buffer volumes are not enough to reach the whole sample 
material, when the sample material exceeds >100 mg. Especially, fine grounded sample powder from 
building materials strongly absorbs the buffer and the mixture does not represent a homogenous liquid 
suspension. Additionally, shaking on an incubator or vortexing are not enough rigorous strategies to 
completely homogenize the material. Sample amounts >100 mg overextend the capacities of some of the 
extraction procedures tested. As a consequence the enclosed DNA in the material cannot be extracted 
completely, which represents a great bias of the approach. 
The DGGE fingerprints of the bacterial and fungal micro-biota were carried out in order to evaluate if 
the community profiles, including the quantity and the quality of the bands, were influenced by the 
extraction methods used and by the amount of sample material used for extraction. The results of our 
study clearly demonstrated that the fingerprints were not influenced by the extraction methods, provided 
that the extraction allowed successful PCR amplification. The results further showed that microbial 
fingerprints obtained from the smallest sample amounts represented the whole inhabiting community. 
Therefore, when greater amounts of sample material are available, we recommend the careful 
homogenization of the samples and the further use of small subsamples from this homogenate for DNA 
extraction and community analysis. Similar procedures were suggested by Litchfield et al. [16] and Terry 
et al. [17]. 
In general, protocols which include an additional purification step using columns or commercial kits 
yielded drastically lower DNA amounts than the standard extraction methods using a phenol/chloroform 
purification of the DNA. DNA is lost during the application of these spin filters, whereas purity 
measurements, visualization and PCR analysis showed that a great amount of contaminants could be 
eliminated through the purification with these columns. Zhou et al. [18] and Miller et al. [19] already 
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demonstrated for many soil and sediment types that high-throughput DNA purification procedures that 
imply mini-columns, spin-filters or gel-extraction kits are able to sufficiently reduce or eliminate PCR 
inhibitors from DNA extracts. 
One goal of this study was the development of a universally adaptable DNA extraction and 
purification method for all commonly used building materials. This extraction technique would be a great 
step forward to establish molecular techniques for assessing the microbial ecology of construction 
materials. Such a standard protocol would be a great benefit toward the introduction of automated 
procedures in building microbiology that further allows a subsequent inter-laboratory comparison of 
results. This standard protocol should 1) be equally efficient for all building materials; 2) effectively lyse 
all target organisms; 3) allow the processing of multiple samples simultaneously in a short time [20]; 4) 
generate a sufficient amount of high-molecular weight DNA, respectively RNA, out of very small sample 
amounts; 5) include a purification procedure that removes any contaminating substances that could 
disturb further molecular applications; 6) and be appropriate for all standard laboratory techniques. 
4. Conclusions 
From the microbiological and hygienically point of view, plaster and board made of bloated perlite are 
presented as being the most appropriate materials for thermal indoor insulation. The FastDNA Spin kit for 
soil (MP Biomedicals) is the method of choice for DNA extraction from construction materials. We 
recommend the standard application of this kit for molecular ecology analysis of building materials in 
order to set standards in the assessment of microbial community analysis and to allow comparisons of 
results between different laboratories. 
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